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DoD FY10 (W81XWH-11-1-0477) 
Annual Report  
October 18, 2012 
 
INTRODUCTION: 
About 10% of all injuries in the current military conflict are eye injuries, the overwhelming 
majority being blast injuries.  Repairing eye trauma and its sequelae, especially in the context of 
traumatic brain injury (TBI), has unfortunately become the top priority for military vision 
research.  For functional vision to occur the ocular surface (cornea and conjunctiva) must be 
intact and healthy and the cornea and vitreous must remain transparent.  Additionally, the retina 
and brain must be able to receive and process the information presented to them.  The cornea 
must not only heal in response to blast injuries, but also is susceptible to environmental 
challenges as it is the interface between the eye and the external environment.  The cornea and 
conjunctiva must protect the eye from pathogens, heal without inflammation, and repair its dense 
innervation to maintain the health of the cornea.  The vitreous, retina, and brain have their unique 
challenges for repair after traumatic brain and eye injury.  The vitreous, retina, and brain do not 
regenerate and thus repair poorly.  There are multiple reasons for this poor repair including 
deregulated angiogenesis, aberrant immune response, glial scar formation, and destruction of 
Burch’s membrane.  For head trauma, it is important to develop vision tests to diagnose the basis 
of visual impairment.  Tasks 1-5 focus on the ocular surface (cornea and conjunctiva) including 
its repair, response to infection, and susceptibility to dry eye.  Tasks 6-9 center on the retina’s 
susceptibility to microclots in blood vessels, regulation of angiogenesis, control of immune 
response after damage, and optic nerve regeneration.  Tasks 10-11 are developing new tests for 
determining vision loss associated with TBI.  Task 12 focuses on methodologies to restore the 
corneal epithelium. 
 
TASK 1: A Novel Mesenchymal Stem Cell-based Approach for Corneal Epithelium 
Regeneration (Sunil Chauhan, Ph.D.) 
 
BODY:  Corneal injury and inflammatory diseases, ranging from vision-threatening conditions 
(e.g. trauma and burn) to quality-of-life impairing conditions (e.g. dry eye) impact more than 10 
million Americans each year. Many of these conditions lead to epithelial defects and chronic 
inflammation, and are commonly treated with non-specific anti-inflammatory drugs such as 
corticosteroids, which are fraught with many side effects such as cataract, glaucoma, and stromal 
melts. Thus, there is a pressing need for new, effective and safe treatment modalities that can 
address such corneal diseases. Bone marrow-derived mesenchymal stem cells (MSC) are non-
hematopoietic stem cells which possess a multilineage differentiation capacity and potent anti-
inflammatory functions [1,2]. The availability of bone marrow and the ability to isolate and 
expand MSC ex vivo make these cells an attractive candidate for drug development for a variety 
of regenerative and inflammatory disorders. However, MSC therapeutic efficacy and the 
mechanism of repair in corneal diseases are still not clear. In the current study, using a mouse 
model of corneal injury and in vitro assays, we systematically investigated the therapeutic 
potential of MSC in promoting epithelial repair in corneal injury. 
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Experiment # 1. Standardization of technology for culture and characterization of MSC and 
primary mouse corneal epithelial cells, and mouse model of corneal epithelial injury  
To study MSC function in corneal injury, we first standardized the methodology for in vitro 
culture and characterization of MSC according to the criteria by the Mesenchymal and Tissue 
Stem Cell Committee of the International Society for Cellular Therapy statement (3,4).  

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

Bone	  marrow	  was	   harvested	   from	   euthanized	  B6	  wild	   type	   and	  GFP.B6	  mice.	  MSC	  were	  
cultured	   and	   expanded	   using	   the	   plastic	   adherence	   method,	   and	   were	   characterized	  
phenotypically	   using	   flow	   cytometry	   (FIG	   1a	   and	   1b)	   and	   functionally	   by	   differentiating	  
them	  into	  adipocytes	  (FIG	  1c).	  Similarly,	  we	  also	  standardized	  the	  culture	  of	  mouse	  primary 
corneal epithelial cells. Nearly 15x104 live epithelial cells per cornea can easily be isolated and 
cultured for up to 2 weeks in a matrigel coated 8 chamber glass slide or culture plate (FIG 1d). 
Furthermore, we standardized our mouse model of corneal epithelial injury by superficial 
thermocautery and mechanical abrasion (using Algerbrush-II) (FIG 1e). In our hands, both the 
techniques are highly reliable for the creation of epithelium-specific injury without creating a 
stromal wound.   
 
Experiment # 2. Corneal injury increases mobilization of MSC and the expression of stem cell 
chemoattractants. To determine if corneal injury has an impact on MSC mobilization and leads 
to increased expression of putative stem cell-specific chemotactic factors (e.g. Substance P and 
stromal cell-derived factor-1 (SDF-1)) [5,6], the peripheral blood and corneas were collected at 
different time points following corneal injury. MSC frequencies were analyzed using flow 
cytometery, and expression levels of Substance P and SDF-1 were evaluated by ELISA and 
qPCR. Furthermore, to confirm chemotactic migration of MSC, we investigated MSC expression 
of homing receptors and their migration toward cornea and sera of mice with corneal injury 
using a transwell assay. 
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• Flow cytometric studies showed significantly increased (2-fold) frequencies of CD45-CD34-

SCA1+ MSC in the peripheral blood of mice with corneal injury at 48h post injury compared to 
at 0h post injury (FIG 2a). 
	  

	  
	  
	  
	  
	  
	  
	  
	  
	  
 
 
 
 
 
 
 
 
 
 
 
 

 
 

• Substance P and SDF-1, which have been reported to possess stem cell chemoattractant 
properties and facilitate mobilization of MSC into blood and to sites of injury [5,6], were 
observed to be significantly increased in the peripheral blood and cornea following injury. 
ELISA assays revealed a gradual increase in SDF-1 levels, which peaked at 48h post injury 
(2.5 fold) and coincided with the increased frequencies of circulating MSC (FIG 2b). A 
significant (15 fold) increase was observed in substance P levels by 24h, with levels continuing 
to rise until 72h (FIG 2b). Similarly, there was significantly higher expression of SDF-1 (~3 
fold) and substance P (5 fold) in the injured cornea compared to normal corneas (FIG 2c). 

• Flow cytometric analysis of single cell suspension of corneas with epithelial injury from 
GFP+MSC-treated mice showed the presence of ~10% GFP+ cells (of all corneal cells) in the 
injured cornea (FIG 2d). The majority (55%) of these GFP+MSC expressed both CXCR4 
(SDF-1 receptor) and PDGFRa (receptor for PDGF), suggesting a critical role for these homing 
receptors in the homing of MSC to the injured cornea (FIG 2d) [5,7]. 

• In a transwell assay, MSC showed a strong chemotactic migration toward cornea and sera of 
mice with corneal epitheial injury compared to normal mice (FIG 2e). Interestingly, the 
migration of MSC toward the sera of injured mice could be significantly inhibited by the 
addition of blocking anti-SDF-1 antibodies (FIG 2f).  
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These data suggest that (i) corneal injury leads to an increase in the expression of stem cell 
chemoattractants that can mobilize endogenous MSC into peripheral blood and (ii) increased 
expression of chemoattractants in injured tissues can augment MSC homing to the site injury.  
 
Experiment # 3. MSC home specifically to the injured cornea and promote epithelial 
regeneration. We sought to ascertain whether MSC have the potential to home to corneal tissue 
by tracking the presence of intravenously injected MSC in both injured and contralateral healthy 
corneas. MSC homing to cornea following injury was investigated by injecting red Q-dot-labeled 
or GFP+ bone marrow-derived MSC (GFP+MSC). MSC were injected 1h post injury, and 
confocal microscopy on corneal wholemounts was used to detect the labeled cells. Furthermore, 
we studied whether MSC homing to the injured cornea can promote epithelial regeneration.  
 
• At 72h after injury, substantial numbers of Q-dot-labeled MSC were visible in the injured 
cornea, but not in the contralateral cornea (FIG 3a, upper panel). To determine if MSC 
remained detectable in the injured cornea at a later time point, we injected GFP+MSC and 
evaluated the presence of these cells up to 50 days following injury (FIG 3a, lower panel). At 
this time point, GFP+MSC were similarly observed only in the injured cornea. 
• In order to determine the extent of epithelial regeneration following corneal injury in MSC-
injected versus control mice, we used corneal fluorescein staining to determine the extent of the 
epithelial defect (see Fig 4a in our published article [Ref #8]). A smaller epithelial defect, 
suggestive of more rapid epithelial regeneration, was apparent by 96h in the MSC-injected mice 
compared to the injury only group (FIG 3b).  
• To characterize the impact of MSC on epithelial regeneration at the molecular level, mRNA 
expression of both stem cell and differentiated corneal epithelial cell markers [9] was quantified 
in both MSC-injected and control mice following cauterization (FIG 3c). Corneas from mice 
receiving MSC showed substantially increased (~ 2-fold) mRNA expression of ABCG2, P63, 
Hes1 and CEBPσ stem cell markers, as well as K12 and K19 differentiated cell markers when 
compared to control injury-only mice that had not received MSC. 
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• In addition, we investigated whether administration of MSC can lead to increased expression of 
epithelial growth factors (e.g. EGF and HGF) [10-12] in the injured cornea. MSC constitutively 
express both HGF and EGF, and their expression is upregulated in the presence of IL-1β, a pro-
inflammatory cytokine known to be present at the ocular surface following injury (FIG 3d). 
Similarly, injured corneas from MSC-injected mice showed significantly increased expression 
of these growth factors compared to normal corneas and control injured corneas (FIG 3e). 

Together, these finding suggest that (i) MSC not only home to the cornea in response to injury, 
but also persist at the site of injury for the long term, where they (ii) induce increased expression 
of epithelial growth factors, and significantly promote corneal epithelial regeneration. 
 
KEY RESEARCH ACCOMPLISHMENTS:  
• We standardized the technology for isolation and characterization of murine MSC, and 

developed mouse models of corneal epithelial injury to study the therapeutic role of MSC. 
• Our data demonstrate that corneal injury leads to an increase in the expression of stem cell 

chemoattractants that can mobilize endogenous MSC into peripheral blood. 
• MSC home to the cornea in response to injury, and persist at the site of injury for the long 

term, where they induce increased expression of epithelial growth factors, and significantly 
promote corneal epithelial regeneration. 
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REPORTABLE OUTCOMES:   
Manuscript 

Lan Y, Kodati S, Lee HS, Omoto M, Jin Y, Chauhan SK. Kinetics and function of  
mesenchymal stem cells in corneal injury. Invest Ophthalmol Vis Sci. 2012;53(7): 3638-
3644.  (Appx. 1) 

Grant 
Based on the data derived from this project, an R01 application is submitted to NIH (June 
2012 cycle).  

 
CONCLUSION: The present study elucidates the dynamics of MSC trafficking and MSC-
mediated regeneration in cornea. These findings provide novel evidence that corneal injury 
causes significant mobilization of endogenous MSC into blood, and that MSC home specifically 
to the injured cornea. The demonstration that MSC home to the injured cornea, survive, and 
promote corneal epithelial regeneration may have therapeutic implications for corneal injuries 
affecting the limbal stem cell compartment, for which only limited treatment options are 
available. 
 
REFERENCES: 
1. Jiang Y et al. Pluripotency of mesenchymal stem cells derived from adult marrow. Nature. 

2002; 418:41. 
2. Uccelli A et al. Mesenchymal stem cells in health and disease. Nat Rev Immunol. 2008; 
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4. Dominici M et al. Minimal criteria for defining multipotent mesenchymal stromal cells. The 
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TASK 2:  The NALP3 Inflammasome: A Novel Target to Inhibit “Sterile” Destructive 
Corneal Inflammation (Meredith Gregory-Ksander, Ph.D.) 
 
BODY:  The ocular surface is constantly exposed to bacterial pathogens, but is normally highly 
resistant to infection due to the presence of multiple barriers.  However, when these barriers are 
breached bacterial keratitis can be rapid and aggressive, resulting in significant corneal damage 
and loss of vision. Corneal epithelial cells defend against infection by (i) serving as a physical 
barrier to pathogens, and (ii) triggering innate immunity.  The innate immune response provides 
immediate defense against pathogens and serves as a first line of defense against infection. 
However, if neutrophils persist too long they can mediate non-specific tissue destruction and 
corneal perforation.  Therefore, a better understanding of the triggers of innate mediated 
inflammation in the cornea will allow us to enhance bacterial clearance, while at the same time 
limit non-specific tissue destruction and preserve vision. We hypothesize that excessive non-
specific tissue destruction during the elimination of a pathogen from the cornea is controlled, in 
part, by the NALP3 inflammasome.  Activation of NALP3 in injured and/or stressed cells results 
in persistent inflammation even after the pathogen is cleared.  
 
We designed 3 aims to test this hypothesis: Aim 1) Demonstrate an increased susceptibility to S. 
aureus keratitis in NALP3 deficient mice. Aim 2) Demonstrate activation of the NALP3 
inflammasome persists after clearance of S. aureus.  Aim 3) Demonstrate inhibition of the 
NALP3 inflammasome prevents non-specific tissue damage. 
 
Unfortunately, due to a positive MPV test in the UMass animal facility, the NALP3 KO mice 
required for completion of Aim 1 had to be re-derived prior to importing them into the Schepens. 
While we are in the process of rederiving these mice, we were unable to obtain these mice in 
time to perform the studies in Aim 1.  However, we believe the results of our studies presented 
below support the NALP3 inflammasome as a novel target to reduce non-specific corneal 
damage during inflammation following a wound and/or infection.  
 
The following is a summary of the studies performed as part of Aim 2) Demonstrate activation 
of the NALP3 inflammasome persists after clearance of S. aureus and Aim 3) Demonstrate 
inhibition of the NALP3 inflammasome prevents non-specific tissue damage.  Using a corneal 
epithelial debridement wound model, we demonstrate that NALP3 is upregulated in the 
epithelium of the leading edge of the wound within 1hr (Figure 1) and this increased expression 
precedes the infiltration of neutrophils (Figure 4). In an unwounded cornea, NALP3 was 
constitutively expressed in all epithelial cells except for the most apical layer (Figure 1A, white 
arrowhead).  In addition, the NALP3 staining appears to be restricted to the nucleus (Figure 
1A, open arrowhead). Interestingly, at 1hr post epithelial debridement wound, NALP3 
expression is significantly upregulated in the epithelium of the leading edge of the wound 
(Figure 1B).  However, the NALP3 expression moved to the cell membrane (Figure 1B, open 
arrowhead) and cytoplasm (Figure 1B, white arrowhead).  At 48hrs post epithelial 
debridement, NALP3 remains significantly elevated in the epithelium of the re-epithelialized 
cornea (Figure 1C).  The NALP3 expression remains cytoplasmic in the apical epithelial layer 
(Figure 1C, white arrowhead), but returns to the nucleus in the basal epithelial layer (Figure 1 
C, open arrowhead).  The increased expression of NALP3 also correlates with an early 
neutrophil infiltrate seen at 24hrs post wounding (Figure 4).   
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The second series of studies determined whether upregulation of NALP3 was a critical mediator 
of wound healing.  Using the epithelial debridement wound model, we demonstrate no 
significant difference in the rate of wound closure in untreated corneas as compared to corneas 
treated with topical application of a NALP3 inhibitor (Glyburide) (Figure 2). By 48hrs post 
wounding, the epithelium had re-epithelialized in both untreated and Glyburide treated mice 
(Figure 2A and 2B).  However, the presence of positive fluorescein staining at 48hrs in 
untreated eyes (Figure 2A), suggests that while the epithelium may have re-epithelialized, the 
tight junctions have not fully reformed.  Interestingly, histologic analysis at 48hrs reveals a much 
thinner epithelium in untreated corneas (2 cell layers) as compared to the 4 layers of stratified 
epithelium in the corneas treated with the NALP3 inhibitor (Glyburide) (Figure 3). Moreover, 
the thinner epithelium in the untreated mice is associated with a significant neutrophil infiltrate at 
24hrs post wounding, that was greatly reduced following treatment with the NALP3 inhibitor 
(Glyburide) (Figure 4). By 72hrs, however, the corneas of both groups looked healthy, with the 
multi-layered stratified epithelium.  Taken together, these data suggest that blocking the NALP3 
inflammasome leads to reduced (but not absent) inflammation, associated with a more efficient 
restoration of the epithelial barrier.  In a setting such as the battlefield, where the threat of 
infection is high with open wounds, a treatment aimed at accelerating wound healing and 
restoration of the critical barriers to infection would be highly beneficial.  
 
KEY RESEARCH ACCOMPLISHMENTS:   

• We identified the NALP3 inflammsome as a novel target that could be used to (1) reduce 
non-specific corneal damage during inflammation following a wound and (2) accelerate 
the restoration of the corneal epithelial barriers to infection. 

 
REPORTABLE OUTCOMES:   
A manuscript is currently in preparation. 
 
CONCLUSION: The results of our studies indicate that blocking the NALP3 inflammasome 
reduces the neutrophil infiltration during corneal wound healing.  Moreover, this reduction in 
innate mediated inflammation correlates with more efficient restoration of the epithelial barriers, 
critical in protecting against pathogens.  Therefore, we propose the NALP3 inflammsome as a 
novel target that could be used to (1) reduce non-specific corneal damage during inflammation 
following a wound and (2) accelerate the restoration of the corneal epithelial barriers to 
infection. 
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TASK 3: Association of Thrombospondin-1 polymorphism with predisposition to chronic 
dry eye after refractive surgery and ocular surface diseases (Sharmila Masli, Ph.D/Darlene 
A. Dartt, Ph.D.) 
 
BODY:  Dry eye is a common problem following refractive surgery such as laser in situ 
keratomileusis (LASIK) and photorefractive keratectomy (PRK). Perturbation of mucin secreting 
cells in the conjunctiva results in compromised protection conferred by the mucous layer on the 
ocular surface leaving eyes vulnerable to environmental assaults including pathogenic stimuli 
with a consequential inflammation of the ocular surface. Thrombospondin-1 (TSP-1) expressed 
by epithelial cells of the ocular surface has immunomodulatory properties and is reported as 
critical for the ocular immune privilege. Absence of TSP-1 expression in mice is associated with 
development of ocular surface inflammation. Therefore we sought to determine if polymorphism 
in TSP-1 gene in human subjects is associated with ocular surface inflammation.   
 
To address this aim we used impression cytology samples collected from 140 patients (70 males 
and 70 females) in the age group 20-40 years. Conjunctival impression cytology (CIC) samples 
were processed to harvest DNA. Upon quantitation samples (total 133) that generated adequate 
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DNA (5-10 ng/ml) were genotyped for 5 TSP-1 SNPs - rs2228262��� (SNP-1), rs2228261��� (SNP-2), 
rs2292305��� (SNP-3), rs1478604��� (SNP-4) and rs3743125 (SNP-5) using Sequenom iPLEX Gold 
platform at Molecular Genetics Core, IDDRC.org of Children’s Hospital Boston and Harvard 
Medical School. Genotyping frequency of selected 5 TSP-1 SNPs were above 75%. For DNA 
samples included in the association analysis call rates were >85%. Each of the genotyped SNP 
was tested for Hardy Weinberg equilibrium (HWE). A HWE test value of 0.0023 for SNP-5 
suggested a potential departure from Hardy Weinberg Equilibrium (p< 0.01) and therefore was 
excluded from further association analysis. Ancestry informative markers (AIMs) were also 
genotyped to control for possible population stratification. These included 90 SNPs selected to 
be maximally informative for differentiating between continental groups based on Hapmap 
Phase I populations (Caucasians = CEU, Hans Chinese from Beijing = CHB, Japanese from 
Tokyo = JPT and African from Yoruba tribe of Ibadan, Nigeria = YRB). Genomic inflation 
factor lamda (l) was calculated from 90 SNPs. Allele frequency divergence among populations is 
provided in Table-1. The genomic control inflation factor (l) for the population included in this 
study was less than 1.0 indicating absence of any population stratification and eliminating any 
need for correcting any test statistics generated in this study. Association studies for each of the 
selected TSP-1 SNP were performed and results of the allelic analysis are provided in Table-2.  
  
The TSP-1 rs2228262 (SNP-1) G allele was found in 19% of dry eye as well as control group 
subjects. The TSP-1 rs2228261(SNP-2) T allele or rs2292305(SNP-3) G allele was found in 39% 
of dry eye patients as against 25% of control subjects (p=0.0485, OR1.9, 95% CI 1.1-3.5). These 
results suggested an increased probability of developing dry eye in subjects with rs2228261 and 
rs2292305 SNPs of TSP-1. However, allelic analysis of these two SNPs did not result in 
statistically significant association with dry eye. We noted that TSP-1 rs1478604 (SNP-4) C 
allele carriers (CT or CC) in dry eye group were 63% as against 44% in control group (p= 0.003, 
OR 2.5, 95% CI 1.4-4.5). Our results indicate statistically significant evidence for association 
between TSP-1 rs1478604��� (SNP-4) and development of dry eye post-refractive surgery. 
 
KEY RESEARCH ACCOMPLISHMENTS: 

• Association of TSP-1 SNP with development of dry eye after LASIK or PRK 
 
REPORTABLE OUTCOMES: 
Manuscript (under preparation) 
Planned submission in 2013 for the renewal of NEI R01 funding to Dr. Dartt 
 
CONCLUSION: 
Significant association of TSP-1 SNP with development of dry eye has a potential application as 
a screening tool to identify individuals predisposed to a risk of chronic ocular inflammation, dry 
eye and associated complications after refractive surgery. Future studies can be directed towards 
developing preventive therapeutic strategies that will help avoid such inflammatory 
complications post-refractive surgery.  
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SUPPORTING DATA: 

Table-1: Allele frequency divergence among populations 

 YRI JPT/CHB CEU 

YRI - 0.4437 0.4856 

JPT/CHB 0.4437 - 0.237 

CEU 0.4856 0.237 - 
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Table-2: Allelic Analysis 

rs2228262��� (SNP-1): A -> G 

Allele Dry Eye Control OR (90% CI) p 
 (n=59) (n=16) 
A 106 29     

G 12 3 1.1 (0.4 – 3.3) > 0.05 

 

rs2228261��� (SNP-2): C -> T 

Allele Dry Eye Control OR (90% CI) p 

C 90 28     

T 28 4 2.2 (0.8 – 5.6) > 0.05 

 

rs2292305��� (SNP-3): A -> G 

Allele Dry Eye Control OR (90% CI) p 

A 90 28     

G 28 4 2.2 (0.8 – 5.6) > 0.05 

 

rs1478604��� (SNP-4): T -> C 

Allele Dry Eye Control OR (90% CI) p 

T 58 23     

C 50 7 2.8 (1.3 – 6.2) *< 0.05 

 

Statistical comparison with Fisher’s exact test. 
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TASK 4:  Prevention of Corneal Scarring by Application of 3-D Self-assembled Corneal 
Matrix (James Zieske, Ph.D.) 
BODY: 
This pilot project proposes to test the novel hypothesis that placement of a “scaffold” into a 
wound site will promote scar-free healing. 
 
BACKGROUND:  Even with the increasing use of protective goggles, the cornea is still a 
major site of military injuries. These injuries include massive damage to the cornea, which 
require major reconstruction of the eye, resulting in corneal scarring and loss of vision. It is 
generally accepted that severe corneal wounds will heal with a scar and that the cornea has 
little ability to regenerate itself in a scar-free manner. However, one of the intriguing findings 
of current research into producing an artificial cornea is that the cornea may have more 
ability to remodel than was generally thought. These studies have shown that placement of a 
“corneal construct” in some wound situations results in healing of the cornea with minimal 
scarring and a resulting clear cornea. These studies, primarily the work of Dr. May Griffith’s 
group, have shown that placement of a corneal substitute, consisting of cross-linked collagen, 
on the wound, resulted in the remodeling of the corneal substitute and a far clearer cornea 
than if the wound was allowed to heal without intervention. Our laboratory has similar results 
in experiments where we placed a self-assembled corneal construct into a mouse cornea and 
observed an optically clear cornea in a wound model that normally would result in scarring. 
These results suggest that placing a template into a wound site of a wound model that would 
normally result in scars stimulates remodeling of the cornea in a clear manner. If this 
observation is correct, it has the potential to lead to a new therapeutic option where a 
temporary scaffold could be placed in a wound to promote regeneration of the cornea without 
scarring. 
Technical objectives - We have previously published a technique to culture human corneal 
fibroblasts (HCF) in a stable form of ascorbic acid (sAsc) that stimulates the cells to stratify 
and assemble matrix in a manner that resembles the developing corneal stroma. We propose 
to generate self-assembled corneal constructs and transplant them into a mouse model of 
corneal repair. In this model, superficial lamellar keratectomies will be performed in the mice 
and a corneal construct will be placed in the wound area. The construct will be permanently 
attached to the wound site by “painting” the wound site with rose bengal followed by 
irradiation with a green laser. This results in a photoactivation of the chemical to link the 
collagen in the wound bed with the collagen in the transplant. The Specific Aims are to 1) 
determine if placement of a self-assembled corneal construct into a wound promotes scar-free 
healing and 2) determine if placement of a cell-free matrix will promote healing. 
 
METHODS: 
Primary Culture of Human Corneal Fibroblasts: Human corneas will be obtained from the 
National Disease Research Interchange (NDRI; Philadelphia, PA). Corneal epithelium and 
endothelium will be removed from the stroma by scraping with a razor blade. The stromal 
tissue will be cut into small pieces (~2x2mm) and put into 6-well plates (4 or 5 pieces per 
well). Explants will be allowed to adhere to the bottom of the wells and Eagle’s Minimum 
Essential Medium (EMEM: ATCC; Manassas, VA) containing 10% fetal bovine serum 
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(FBS: ATCC) will be added. After 1-2 weeks of cultivation, the fibroblasts are passaged into 
a 100mm2 cell culture plate. The cells are grown to 100% confluency before their use in the 
culture system. 
Fibroblast Assembled Extracellular matrix: The HCF will be plated on Transwell 6-well 
plates containing polycarbonate membrane inserts with 0.4μm pores (Costar; Charlotte, NC) 
at a density of 106 cells/ml. Fibroblasts will be cultured in EMEM with 10% FBS and 0.5mM 
2-O-α-D-glucopyranosyl-L-ascorbic acid (sAsc: Wako Chemicals USA, Inc.; Richmond, 
VA).  
Collagen based matrix: Two ml of Type I bovine dermal collagen (PureCol. Inamed Corp, 
Fremont, CA) will be added to 0.2ml of 10x EMEM. The collagen solution will be poured 
into a well, and allowed to set for 1 hour at 37°C. 
Transplantation: We will generate HCF self-assembled constructs, as described above, and 
transplant them into the corneas of BALB/c mice. The constructs will be developed, as 
described above, transferred and transplanted using an onlay method. In brief, the constructs 
will be pre-labeled with Fluorescein Dichlorotriazine (DTAF: Invitrogen; Carlsbad, CA) for 
2 days before transplantation. A 1.5-mm superficial keratectomy will be performed, 
removing the epithelium, basement membrane and anterior portion of the stroma. The 
exposed corneal stroma will be dried with a surgical sponge (Medical Technologies; North 
Stonington, CT), and Rose Bengal (0.05%) will be painted on the stroma. After 1 minute, a 
2mm2 construct will be placed on the exposed corneal stroma and irradiated with a green 
laser (Wicked Lasers; Shanghai, China) for 180 seconds. The construct will be tested for 
attachment by scraping with forceps. Three surgical controls will be used: 1) Contralateral 
eyes—no wound; 2) Keratectomy only—surgery but no construct or laser applied, and 3) 
Sham—surgery with laser applied but no construct. In initial experiments a one-week time 
point was examined. 
 
RESULTS: 
Experiment set 1 – In the first series of experiments, a collagen matrix was transplanted into 
the wound in Balb/C mice. Keratectomy wounds (1.5mm diameter) were created and a 2mm 
diameter collagen construct was placed on the cornea as described in Methods. Three groups 
were examined: Sham control, Keratectomy only and Transplant. Corneas were examined at 
one week using a slit lamp. In addition, corneas were excised and cryostat sections were 
analyzed for the presence of the construct and overall healing. No obvious difference was 
seen between the three groups in the slit lamp exam. No consistent difference was observed 
between groups regarding quality of healing. Technical problems – 1) The collagen 
constructs were very difficult to place on the wound area without wrinkling. 2) The 
constructs appeared to dehydrate when the laser was applied. 3) Constructs could not be 
identified one week after transplant. 
Experiment set 2 – In the second set of experiments, a self-assembled fibroblast matrix was 
used. Protocol was the same as set 1 except that the laser was applied for one minute rather 
than three. Slit lamp examination appeared to show that the corneas receiving transplants 
were clearer than the corneas receiving only wounds. Upon evaluation of corneal sections, 
however, no consistent difference was observed between any of the groups. In addition, it 
could not be determined if transplants were still in place after one week. Technical problems 
- 1) The transplants were not clearly labeled by the DTAF. 2) It could not be determined if 
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the transplant was maintained after one week. 3) The construct appeared to be dehydrated by 
the laser treatment. 
KEY RESEARCH ACCOMPLISHMENTS: 
• We have developed a technique to evaluate effect of transplant of a construct. 
• Preliminary data are inconclusive regarding the hypothesis that transplant of a scaffold 

promotes scar-free healing. 
REPORTABLE OUTCOMES: - none to date 
CONCLUSION:  The project was not begun until January 2012 when ACURO approval 
was received for animal usage. We have also identified several technical problems that have 
made evaluation of the results difficult. We will continue experiments and analysis for the 
next three months. 

 
 
TASK 5: Repair of Conjunctival Injury with Bioengineered Tissue: The First Step to 
Eyelid Repair (Darlene A. Dartt, Ph.D.) 

 
BODY: Our statement of work was: To begin reconstruction of the eyelid we propose to 
construct conjunctival equivalents containing goblet, stratified squamous, and 
undifferentiated cells grown on biocompatible scaffolding that can be used to repair the 
injured conjunctiva. We proposed the following aims:  
 
Specific Aim 1- Fabricate polymeric scaffolding; Specific Aim 2- Determine which types of 
scaffold polycaprolactone, electrospun collagen, or poly(vinyl alcohol)/collagen induce the 
optimum cell growth and viability of: 1) mixed goblet and stratified squamous cells and 2) 
undifferentiated cells. 
 
Specific Aim 1: Our collaborator Dr. Gary Wnek fabricated five different scaffolds by 
electrospinning. They were poly(vinyl alcohol) (PVA), poly(acrylic acid) (PAA), 
polycaprolactone (PCL), collagen (Coll), and two composites: 1. 80% poly acrylic acid and 
20% poly(lactic-co-glycolic acid (PAA/PLGA) and 2) 20% polycaprolactone and 80% 
collagen (Coll/PCL).    
 
Specific Aim 2:  Human conjunctival tissue was obtained from the Heartland Lions Eye 
Bank in Kansas City, Missouri, in collaboration with Dr. Wendell Scott.  We began our 
studies by focusing on goblet cells and used media that supported their growth.  We grew 
human conjunctival goblet cells from tissue pieces on glass coverslips as a positive control 
and the fabricated scaffolds. We found that conjunctival goblet cells did not survive well on 
PCL and PVA, but did survive and grow on PAA and polyethanolamine (PET) that is tissue 
culture plastic. From these experiments we concluded that human conjunctival goblet cells 
prefer negatively charged surfaces. We compared cell growth on the different types of 
scaffolds by determining outgrowth by bright field microscopy and cellular viability by 
confocal microscopy using a commercial live/dead stain. We found an increase in outgrowth 
relative to explant size after 13-15 days of culture of 7.1 (PAA, n=2), 2.3 (PCL, n=4) and no 
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outgrowth for PVA. The percentage of viable cells after 11-15 days was 9% (PCL, n=5), 
89% (PAA, n=5), 89% (PET, n=2), 94% (collagen, n=1) and 0% (PVA, n=3).  
 
We also tried 100% collagen scaffolds that are technically very difficult to fabricate. 
Although we obtained promising results in terms of outgrowth (3.7 fold) and cellular 
viability (94%), these membranes were very fragile and not practical for clinical use. We also 
tried the Coll/PCL mixture that was mechanically stronger, but this scaffold did not improve 
cell growth.  
 
A modification of the somewhat fragile PAA scaffold was used. The PAA/PLGA composite 
did not improve cell viability after culture.   
 
We also tried ultrathin PCL (not electrospun), fibronectin-coated PCL, NaOH treated PCL, 
and collagenase-digested tissue seeding (single cell suspension). None of these scaffolds or 
methods improved cell outgrowth. 
 
We conclude that the best scaffold that we have tried for culture of human conjunctival 
epithelial cells is PAA. As it is fragile, in the future we will continue to work with Dr. Wnek 
to increase the mechanical strength of this material. We will also add growth factors and 
RGD peptides to improve cell growth. Finally, we will use immunohistochemistry to 
determine the percentage of cell type of conjunctival epithelium (goblet, stratified squamous, 
or undifferentiated) present.  
 
KEY RESEARCH ACCOMPLISHMENTS: 

• We have identified the optimal technique for the culture and analysis of human 
conjunctival cells on electrospun polymeric scaffolds.  

 
• We found an increase in outgrowth relative to explant size after 13-15 days of 7.1 

(PAA, n=2), 2.3 (PCL, n=4) and no outgrowth for PVA.  
 

• The percentage of viable cells after 11-15 days was 9% (PCL, n=5), 89% (PAA, 
n=5), 89% (PET, n=2), 94% (collagen, n=1) and 0% (PVA, n=3).  

 
• Of these materials, PCL has the greatest mechanical strength. PAA and collagen need 

modifications for improved mechanical strength before they can be used for 
transplantation. 

 
• In one experiment on PCL, large numbers of goblet cells were present in a few 

localized areas, scattered among many DAPI-positive cells of presumed epithelial 
origin. 

 
• Composite scaffolds made of PAA/PLGA and Collagen/PCL were not superior to the 

pure PAA and collagen scaffolds in terms of cellular compatibility. 
 

• An ultrathin continuous PCL membrane was not superior to the electrospun PCL 
membrane in terms of cellular compatibility. 
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• Dipcoating PCL with the extracellular matrix protein fibronectin was not superior to 

the non-dipcoated PCL in terms of cellular compatibility. 
 
REPORTABLE OUTCOMES:  We are planning to submit an abstract for ARVO 2013 and 
will prepare a manuscript for submission. 
 
CONCLUSION: We have successfully fabricated five variations of polymeric scaffolds and 
developed a method for their use in human conjunctival cell culture, by seeding them with 
conjunctival tissue explants. We have developed methods to analyze the effect of the 
scaffolds on conjunctival cellular viability (by confocal laser scanning microscopy), 
outgrowth (by epifluorescent microscopy) and phenotype (by immunocytochemistry).  
 
We conclude that PAA is the best scaffoled for growth of human conjunctival epithelial cells. 
But, we will also continue to modify collagen along with PAA for further improvements. 
Since these scaffolds are extremely fragile, we will improve the mechanical strength to 
properly match these scaffolds and the native conjunctival tissue.  

	  
	  

TASK: 6:  The Role of Shear Stress-Induced Endomucin in Leukocyte-Endothelial Cell 
Interactions (Patricia A. D’Amore, Ph.D.) 

 
BODY: The goal of this project was to test the hypothesize that under normal, non-
inflammatory conditions endomucin plays a role in preventing interactions between 
leukocytes and ECs of postcapillary venules. We had proposed to test this hypothesis with 
two aims: (1) To investigate the role of endomucin in the maintenance of a non-inflammatory 
endothelial phenotype; and, (2) To examine the effects of shear stress on endomucin 
expression by human umbilical vein endothelial cells  (HUVEC) in vitro.  We have 
completed the studies that were proposed for both of these aims.  
 
Aim 1: To investigate the role of endomucin in the maintenance of a non-inflammatory 
endothelial phenotype.    
 
We demonstrated that endomucin was localized on the luminal surface of veins but not 
arteries. The localization of endomucin on the apical surface of venous endothelium together 
with its biochemical characteristics suggested a possible role in cell-cell interactions in the 
endothelium and we speculated that endomucin might be playing a role in the maintenance of 
the non-inflammatory state.  
 
To examine its functional role we employed a tissue culture model of neutrophil adhesion in 
which a parallel plate flow chamber was utilized to study the interactions between human 
neutrophils and human umbilical vein endothelial cells under shear stresses found in the post-
capillary venous endothelium.  Endomucin was depleted using siRNA; siRNA against 
endomucin led to an 80% reduction in endomucin protein (Figure 1).  There was a 4, 5, and 
2-fold increase in neutrophil-endothelial cell interactions at low shear stringency, 0.5, 0.75, 
1.0 dynes/cm2, respectively, whereas the scramble control siRNA had no effect (Figure 2).  
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These data demonstrate that under non-inflammatory conditions endomucin blocks 
neutrophil interactions with the endothelium.     
 
Because human umbilical vein endothelial cells express basal levels of adhesion molecules, 
we examined whether knockdown of endomucin affected expression of E-selectin, VCAM-1, 
and ICAM-1.  Fluorescent activated cell sorting (FACS) analysis of these adhesion 
molecules revealed no change in their expression.  We did note a higher level of ICAM-1 
relative to E-selectin and VCAM-1 in non-activated endothelial cells is consistent with 
previous reports.  In light of these observations, we speculated that the down regulation of 
endomucin was enabling neutrophil interactions with the endothelium via the constitutively 
expressed endomucin.  To test this, we pre-treated neutrophils with neutralizing antisera 
against LFA-1 (20 mg/ml) and then allowed to interact under shear stress with human 
umbilical vein endothelial cells in which endomucin had been knocked down.  Results 
revealed that blocking the interaction of neutrophils with ICAM-1 reduced neutrophil-
endothelial cell interactions by more than 60% at shear stress of 1.0, 0.75 and 0.5 dynes/cm2 
(Figure 3). 
 
Aim 2:  To examine the effects of shear stress on endomucin expression by human umbilical 
vein endothelial cells in vitro.   
 
The localization of endomucin on the surface endothelium of veins and capillaries and not 
arteries led to a consideration of how this sialomucin might be regulated. Veins, post 
capillary venules and arteries are exposed to different fluid shear stresses.  It is well 
established that fluid shear stress in post capillary venules is low compared to arteries to 
allow for the recruitment of leukocytes into inflamed tissues and increasing shear stress 
prevents the efficient binding of leukocytes Thus, we hypothesized that endomucin 
expression was regulated by shear stress. 
 
We hypothesized that the levels of endomucin mRNA and protein would be down regulated 
by arterial shear stress compared to static cultures. Human umbilical vein endothelial cells 
were exposed for 24 hr to shear stresses of 10 dynes/cm2 and 1.5 dynes/cm2, to model arterial 
and venous shear stress, respectively.    
 
Real-time PCR analysis of RNA isolated from human umbilical vein endothelial cells 
exposed to arterial shear stress for 24 hr revealed a 50% reduction in the levels of endomucin 
mRNA compared to static control cells.  In contrast, endomucin mRNA levels in human 
umbilical vein endothelial cells exposed to venous shear stress for 24 hr was unaffected 
compared to static control cells (Figure 4).  
 
Given that endomucin is localized to the apical endothelial surface, we were interested in 
determining how shear stress effects cell surface protein biosynthesis.  Cell surface 
expression of endomucin was determined by biotinylation of Human umbilical vein 
endothelial cells after exposure to shear stress for 24 hr.  Consistent with the reduced levels 
of mRNA, cell surface endomucin was reduced by approximately 50% in human umbilical 
vein endothelial cells exposed to arterial shear stress, whereas venous levels of shear stress 
did not influence the surface levels endomucin in human umbilical vein endothelial cells.   
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KEY RESEARCH ACCOMPLISHMENTS:  

• Demonstrated production of endomucin by bovine aortic and human umbilical veins 
endothelial cells at the level of mRNA by PCR and protein by western blot analysis.  

•  
• Demonstrated that endomucin is localized to the surface of endothelium in vivo at the 

level of light microscopy using confocal immunofluorescent microscopy and 
biochemically using biotinylation followed by western blot analysis. 

 
• Shown that shear stress characteristic of the arterial tree (10 dynes/cm2) suppresses 

the expression of endomucin by endothelium at the level of mRNA and protein 
whereas venular shear stress (1.5 dynes cm2) has no effect.  

 
• Shown that the suppression of endomucin by arterial shear stress is mediated by 

KLF2. Real-time PCR analysis of EMCN-1 expression in Ad-Ctrl vs. Ad-KLF2 
infected HUVEC revealed a down regulation of endomucin when KLF2 was over 
expressed.  Similarly, siRNA knockdown of KLF2 followed by exposure to shear 
stress did not lead to suppression of endomucin mRNA levels.  

 
• Demonstrated the role of endomucin in the maintenance of the endothelial non-

inflammatory surface by using siRNA. 
  
REPORTABLE OUTCOMES:   
Alisar Zahr, Pilar Alcaide, Jinling Yang, Alexander Jones, Nathaniel G. dela Paz, Sunita R. 
Hett, Bruce Ksander, Magali Saint-Geniez, Pablo Argüeso  and Patricia A. D’Amore,  A 
critical role for endomucin-1 in suppressing leukocyte-endothelial cell interactions, 
manuscript in preparation.  
 
CONCLUSION:   
Post-capillary venous endothelium is the primary site of leukocyte extravasation during 
inflammation.  A primary function of the endothelium is to maintain an anti-adhesive, non-
inflammatory surface by regulating and inhibiting coagulation, and by resisting the adhesion 
of blood leukocytes. A majority of the work conducted to understand the molecular 
regulation of leukocyte-endothelial interactions has focused on adhesion molecules 
responsible for recruitment of blood leukocytes to an activated endothelium.  Much less 
attention has been directed to investigation of anti-adhesive molecules that comprise the 
endothelial cell surface barrier, the glycocalyx. Our observations introduce the novel 
paradigm that the down regulation of anti-adhesive molecules may be as important in 
transforming the endothelial cell surface to a pro-inflammatory state as the elevation in 
adhesive molecules.  Moreover, our in vivo results provide an exciting new therapeutic 
option for the manipulation of the inflammatory process.  
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Figure 1 
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Figure 2 
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Figure	  4	  

	  

TASK 7: The Role of Endogenous Inhibitors of PDGF Receptors in PVR (Andrius 
Kazlauskas, Ph.D.) 
	  
BODY: 
In the first 3 quarters we completed the first aim (Test if agents that neutralize VEGF protect 
rabbits from developing PVR) and made substantial progress on the second aim (“Determine if 
neutralizing VEGF in vitreous from PVR patients reduces its PVR potential”).  In the fourth 
quarter we completed the second aim as outlined below.   
 
We completed our biochemical analysis of human PVR vitreous by testing if anti-VEGF 
(ranibizumab) blocks human PVR vitreous-driven signaling events and cellular responses in 
primary retinal pigment epithelial cells isolated from a human PVR membrane1.  As shown in 
Fig 1A, α-VEGF reduced HV-PVR-mediated activation of PDGFRα and the subsequent set of 
signature signaling events.  Furthermore, α-VEGF attenuated the ability of HV-PVR to induce 
cellular events associated with PVR such as contraction (Fig 1B) and survival (Fig 1C).  
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Neutralizing PDGFs (by adding PDGF TRAP) eliminated this observed effect of α-VEGF, while 
increasing the concentration of PDGF had the same effect as α-VEGF (Fig 1A).  As observed for 
the signaling events, PDGF TRAP mitigated the α -VEGF effect on these cellular events, 
whereas increasing the level of PDGF mimicked it (Fig 1B-C).  These findings are similar to the 
results with RV-PVR (data shown in the second quarterly report) and indicate that VEGF-A 
potentiates the PVR potential of HV-PVR due to the VEGF-A/PDGF/non-PDGF relationship.  
Put another way, α-VEGF diminished the ability of HV-PVR to stimulate signaling events and 
cellular outcomes associated with PVR by de-repressing vitreal PDGFs.   
 

	  
Figure	  1.	  	  Neutralizing	  VEGF-A	  in	  human	  PVR	  vitreous	  prevented	  PVR-associated	  signaling	  
events	  and	  cellular	  outcomes	  in	  RPE	  cells	  isolated	  from	  a	  human	  PVR	  membrane.	  	  (A)	  
Neutralizing	  vitreal	  VEGF-‐A	  prevented	  PVR	  vitreous-‐driven	  signaling	  events.	  	  PVR	  membrane-‐
derived	  RPE	  cells	  (RPEMs)	  were	  serum	  starved	  overnight	  and	  either	  lysed	  immediately	  (-‐-‐-‐-‐),	  or	  
treated	  for	  48	  h	  with	  human	  PVR	  vitreous	  (HV-‐PVR,	  400	  ul)	  supplemented	  with	  non-‐immune	  IgG	  
(10	  ug/ml),	  neutralizing	  anti-‐VEGF	  antibody	  (Ranibizumab,	  25	  ug/ml),	  PDGF-‐A	  (20	  ng/ml),	  or	  a	  
combination	  of	  anti-‐VEGF	  (10	  ug/ml)	  and	  PDGF-‐Trap	  (TRAP,	  2	  uM).	  	  Following	  treatment,	  cells	  
were	  lysed	  and	  the	  resulting	  total	  cell	  lysates	  (TCLs)	  subjected	  to	  western	  blot	  analysis	  using	  the	  
indicated	  antibodies.	  	  Results	  were	  quantified	  and	  ratios	  representing	  normalized	  band	  intensities	  
are	  shown	  under	  each	  immunoblot.	  	  Blots	  shown	  are	  representative	  of	  three	  independent	  
experiments.	  	  (B)	  Neutralizing	  vitreal	  VEGF	  prevented	  PVR	  vitreous-‐driven	  cell	  contraction.	  	  RPEMs	  
were	  pre-‐conditioned	  for	  48	  h	  with	  either	  serum-‐free	  medium	  alone	  (-‐-‐-‐),	  or	  HV-‐PVR	  (400	  ul)	  
supplemented	  with	  non-‐immune	  IgG	  (10	  ug/ml),	  anti-‐VEGF	  (25	  ug/ml),	  anti-‐VEGF	  +	  TRAP	  (2	  uM),	  
or	  PDGF-‐A	  (20	  ng/ml).	  	  Controls	  included	  cells	  pre-‐conditioned	  with	  anti-‐VEGF,	  TRAP,	  or	  PDGF-‐A	  
alone.	  	  Following	  pre-‐conditioning,	  cells	  were	  subjected	  to	  the	  collagen	  gel	  contraction	  assay.	  	  Data	  
represents	  %	  contraction	  of	  collagen	  gels	  measured	  after	  72	  h;	  and	  shows	  mean	  %	  contraction	  ±	  
standard	  deviations	  (SD)	  obtained	  for	  three	  independent	  experiments	  (*,	  P	  <	  0.05	  using	  a	  paired	  t	  
test).	  (C)	  Neutralizing	  vitreal	  VEGF	  prevented	  PVR	  vitreous-‐driven	  cell	  survival.	  	  Near-‐confluent	  
RPEMs	  were	  placed	  in	  starvation	  medium	  (DMEM	  without	  serum)	  for	  72	  h	  as	  an	  inducement	  of	  
apoptosis,	  during	  which	  time	  they	  were	  conditioned	  with	  the	  same	  treatments	  as	  described	  in	  B.	  	  At	  
72	  h,	  surviving	  cells	  were	  quantified	  as	  those	  cells	  whose	  nuclei	  failed	  to	  stain	  positive	  for	  apoptosis	  
by	  TUNEL	  assay.	  	  The	  graph	  presents	  data	  from	  three	  independent	  experiments	  showing	  the	  mean	  
percentage	  of	  cells	  (±	  SD)	  surviving	  starvation	  (*,	  P	  <	  0.05	  using	  a	  paired	  t	  test).	  	  These	  data	  
demonstrate	  that	  VEGF-‐A	  promotes	  the	  mode	  of	  PDGFRα	  activation	  that	  drives	  signaling	  events	  and	  
cellular	  responses	  that	  are	  associated	  with	  PVR.	  
	  
In addition, we determined whether vitreal VEGF-A and/or PDGF is a potential biomarker for 
PVR susceptibility.  Analysis of VEGF-A and PDGF levels in vitreous from 32 patients with 
PVR showed that samples either had low or high levels of both VEGF-A and PDGFs (Fig 2).  

A. B. C.  
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This makes sense, since either scenario will be permissive for non-PDGFs to activate PDGFRα. 
While the majority of vitreal samples had low levels of both VEGF-A and PDGFs, when PDGFs 
were present, there was also a matched amount of VEGF-A.  These observations indicate that the 
ratio of vitreal VEGF-A/PDGF correlates with clinical PVR and thus is a potential biomarker for 
PVR susceptibility.   
	  

Figure	  2.	  Comparison	  of	  VEGF-A	  and	  PDGF	  levels	  in	  the	  
vitreous	  of	  patients	  with	  or	  without	  PVR.	  	  Vitreous	  from	  
patients	  with	  PVR	  or	  non-‐PVR	  retinal	  diseases	  (macular	  
holes	  or	  macular	  puckers)	  was	  subjected	  to	  multiplex	  
analysis	  to	  determine	  the	  concentration	  of	  VEGF-‐A	  and	  
PDGFs	  (total	  of	  A,	  AB,	  and	  B	  isoforms).	  	  While	  94%	  of	  PVR	  
samples	  had	  a	  detectable	  level	  of	  VEGF-‐A,	  the	  same	  was	  true	  
for	  only	  34%	  of	  non-‐PVR	  samples.	  	  Molar	  amounts	  of	  VEGF-‐
A	  and	  PDGFs	  in	  each	  sample	  were	  frequently	  detected	  at	  
similar	  levels	  –	  symbols	  labeled	  with	  the	  same	  letter	  are	  the	  
same	  sample.	  	  The	  majority	  had	  low	  levels	  of	  both,	  whereas	  
when	  PDGFs	  were	  present,	  there	  was	  also	  a	  matched	  
amount	  of	  VEGF-‐A.	  	  These	  observations	  indicate	  that	  the	  
ratio	  of	  vitreal	  VEGF-‐A/PDGF	  correlates	  with	  clinical	  PVR	  
and	  is	  a	  potential	  biomarker	  for	  PVR	  susceptibility.	  	  	  
	  
	   An	  exciting	  future	  direction	  is	  to	  further	  develop	  
the	  biomarker	  concept.	  	  Measuring	  the	  ratio	  of	  

PDGF/VEGF	  is	  not	  able	  to	  accurately	  predict	  which	  patients	  will	  progress	  to	  PVR	  because	  
the	  ratio	  is	  comparable	  for	  the	  majority	  of	  both	  types	  of	  patients	  (Fig	  2).	  	  Considering	  other	  
forms	  of	  PDGFs,	  such	  as	  PDGF-‐C,	  which	  abounds	  in	  vitreous	  of	  patients	  with	  PVR	  2,	  may	  
lead	  to	  a	  better	  marker	  for	  PVR	  susceptibility.	  	  	  
	  
KEY RESEARCH ACCOMPLISHMENTS: 

• VEGF-A promotes PVR-associated signaling events and cellular outcomes by inhibition 
of direct activation of PDGFRα  

• Ranibizumab, an FDA-approved VEGF-A neutralizing agent, efficiently and effectively 
protects rabbits from developing PVR 

• VEGF promotes the PVR potential of vitreous from patients with PVR 
• The VEGF/PDGF ratio in human vitreous is a potential biomarker for PVR potential 

 
REPORTABLE OUTCOMES: 
The data obtained in the course of this project were the basis for a recently submitted R21 
proposal to the NIH entitled “Can FDA-approved agents protect from PVR?”. 
 
CONCLUSIONS: 
Altering the growth factor composition of the vitreous can protect from PVR.  Clinical studies 
are the next logical step to test if neutralizing VEGF-A protects patients from PVR as it does in 
the pre-clinical studies.  In addition, clinical testing of the VEGF-A/PDGF ratio from vitreous 
collected at the time of the initial surgery for RD repair may predict subsequent episodes of PVR 
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TASK 8: Role of Neuropeptides in the Bilateral Loss of Ocular Immune Privilege After 
Retinal Laser Burn (RLB) Treatment (Joan Stein-Streilein, Ph.D.) 
 
BODY: During the FY 10, we were able to determine that substance P, Tac1, was the 
neuropeptide responsible for bilateral loss of ocular immunology post unilateral retinal laser 
burn.  This resulted in a manuscript entitled: Retinal laser burn-induced neuropathy leads to 
substance P-dependent loss of Ocular Immune Privilege. Published in the Journal of 
Immunology, 2012, 189: 1237-1242. Inflammation in the eye is tightly regulated by multiple 
mechanisms that together contribute to ocular immune privilege.  It has been shown that it is 
very difficult to mitigate the immune privileged mechanism called anterior chamber-associated 
immune deviation (ACAID).  The fact that trauma to the retina mitigates ACAID for an extended 
period of time provides a clue as to why immune inflammatory diseases may follow post ocular 
trauma and the studies provide valuable information for understanding Sympathetic Ophthalmia, 
age related macular degeneration, and uveitis. 
 
During the funding period were showed that both SPANTIDE I and II were effective antagonists 
of the substance P receptor, NK1R, ruling out the possibility that the release of histamine 
contributed to the loss of immune privilege.  Thus providing proof that SP was the neural 
messenger that biased the ocular environment post RLB. 
 
We were unable to acquire the antagonist for CGRP, since it is now owned now by a company 
who has with restrictions on our publications if we use the material.  
 
Previously we reported that SPANTIDE was only able to block the abrogation of immune 
privilege if delivered 24 h post RLB but not at 7 days.  In this funding period we showed that 
SPANTIDE was able to block the loss of ACAID at 24 h but not at 3 or 5 days post RLB.  We 
conclude that SP initiates a process that once started cannot be reversed.  Our future research will 
be focused on the immune activating process that is initiated by SP post RLB.  
 
 In lieu of identifying substance P in the eye we performed Confocal analyses on frozen sections 
of the eye to show that NK1R was indeed up regulated over time in both eyes of mice that 
received RLB to the right eye.  Since substance P is the significant ligand for the receptor and 
substance P induces the up regulation of its receptor, we used this as proof that substance P was 
up regulated in both eyes post RLB.     Substance P is very susceptible to neuropeptidases in the 
eye.  
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KEY RESEARCH ACCOMPLISHMENTS: 

• Introduced a whole new area of research involving neuropeptides in induction of 
inflammatory conditions in the eye to the field. 

• Showed that substance P induces an extended loss of immune privilege. 
• The loss of immune privileged by RLB can be blocked by NK1R antagonists if give early 

post RLB (trauma)  
 
REPORTABLE OUTCOMES:  
Publication:  Lucas, K, Karamichos, D, Mathew, R, Zieske, JD and Stein-Streilein, J, Retinal 
laser burn-induced neuropathy leads to substance P-dependent loss of Ocular Immune Privilege. 
Published in the Journal of Immunology, 2012, 189: 1237-1242 (Appx. 2) 
 
Invited Presentation: by Joan Stein-Streilein:  Symposium Speaker  “Local and distant trauma 
upsets ocular immune regulation.” ARVO annual meeting, FortLauderdale, FL (May 05-10, 
2012) 
 
Invited Presentation by Joan Stein-Streilein:  2012 Trauma Induced Neuropeptide Interference 
With Macrophage Regulation of Ocular Inflammation. ISER Biennial Meeting, Berlin, Germany. 
(July 21 – 25) 
 
Results from theses studies provided the basis for JS-S application for an NIH RO1. Entitled, 
Mechanisms of Immune privilege in the posterior eye.  Submitted October 5, 2012 
  
CONCLUSION:  We conclude that neuropeptides contribute to RLB- induced inflammation in 
the both eyes post trauma to one eye.  The work is relevant to the understanding of Sympathetic 
Ophthalmia and immune inflammatory conditions relevant post battlefield injuries. A potential is 
raised for development of new therapy to prevent bystander inflammatory damage post ocular 
trauma. That therapy could involve early treatment with substance P antagonist to the patient. 
 
 
 
TASK 9:  Stimulating CNS Regeneration And Repair By Insulin-Like Growth Factor 
(Dong Feng Chen, M.D., Ph.D.) 
 
BODY: The objective of this subtask is to study the mechanisms that regulate the growth and 
eventually regeneration of the optic nerve in adult mammals with a focus on the insulin-like 
growth factor I (IGF-I)-mediated signaling pathways. Our goal was to evaluate the effects of 
IGF-I and its downstream pathways on retinal ganglion cell (RGC) survival and axonal 
outgrowth in culture using both the gain-of-function and loss-of-function approaches.  
Studies from my laboratory and others have shown that IGF-I-mediated signals are critically 
involved in regulating neuronal survival and axonal outgrowth during development of the central 
nervous system (CNS),1,2 but its role in retinal and optic nerve development has not been 
established. We hypothesize that manipulation of IGF-I signaling may preserve or restore the 
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axonal growth machinery in CNS neurons and allow axonal growth and protection after injury. 
Using gene manipulations in cultured RGCs and genetically modified mice, we plan to test this 
hypothesis through the following aims: aim 1. To identify the mechanisms by which IGF-I drives 
axonal elongation during RGC development; aim 2. To define the roles of IGF-I-signaling in 
DAI development and/or neuron and axon protection in optic nerve injury model. 

1. IGF-I and IGF-1R-mediated signaling is essentially involved in RGC axonal growth 
To	  determine	  the	  effect	  of	  IGF-‐I	  on	  RGC	  survival	  and	  axonal	  growth,	  recombinant	  IGF-‐I	  (50	  
ng/ml;	   R&D	   Systems)	   was	   added	   to	   the	   medium	   of	   P0	   RGC	   cultures.	   After	   3	   days	   of	  
incubation,	  cells	  were	  fixed	  and	  stained	  with	  a	  vital	  dye	  calcein	  or	   immunolabeled	  with	  a	  
primary	  antibody	  against	  an	  RGC	  specific	  marker,	  ß-‐III-‐tubulin.	  Addition	  of	  IGF-‐I	  not	  only	  
promoted	  RGC	  survival,	   but	   strikingly,	   it	   also	   stimulated	   the	   cells	   to	  extend	   long	  neuritis	  
(Fig.	   1).	   There	   was	   an	   over	   3-‐fold	   increase	   in	   total	   neurite	   length	   as	   compared	   to	   the	  
untreated	   control	   group	   (Fig.	   1);	   the	   survival	   effect	   of	   IGF-‐I	  was	   less	   prominent	   than	   its	  
growth	  effect.	  

Figure 1. IGF-1 stimulates RGC neurite 
outgrowth in culture. A,B, 
Epifluorescence photomicrographs of 
RGCs purified from P0 mouse pups and 
cultured in the absence (A) and 
presence (B) of IGF-I (50 ng/ml). Cells 
were fixed after 72 hr of incubation and 
labeled with the vital fluorescent dye 
calcein. C,D, Quantification of RGC 
neurite outgrowth (C) and survival (D). * 

indicates P<0.05 over the control group by two tailed student t test. 

Next, we used a lentiviral-based method of RNA interference to knockdown IGF-I expression 
acutely. Infection of lentiviral vector encoding short hairpin RNAs (shRNAs) targeting IGF-I 
efficiently reduced the expression of IGF-I in RGCs and led to a drastic reduction of neurite 
outgrowth (Fig. 2). Morphometric analysis revealed that axonal length was reduced by 80% 
relative to control cells (infected with a lentivirus carrying scrambled shRNA). These data 
suggest that IGF-I is a critical regulator of RGC neurite outgrowth. 

Having discovered a role for IGF-I in RGC axonal growth, we next examined if IGF-I acted 
through IGF-IR to stimulate axonal growth. IGF-IR-mediated signal was blocked using function-
blocking antibody against IGF-IR or by adding IGF-1R inhibitor H-1356—the IGF-I analog that 
competitively binds to IGF-1R—to RGC cultures. RGCs isolated from P0 mouse pups were 

Figure 2. IGF-I shRNA triggers 
profound reduction in RGC 
axonal growth in culture. A,B, 
The morphology of RGCs at 4 
days after transfection with GFP-
tagged shRNA of a scrambled 
sequence (A; control) or targeting 
a specific region of IGF-I (B; 
shRNA).  C, Quantification of 
axonal growth in cultured RGCs 

shows dramatic reduction in axonal length after IGF-I knockdown. 
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cultured in the absence or presence of IGF-I. Addition of either anti-IGF-1R or H-1356 to RGC 
cultures abolished the axonal growth effect of IGF-I (Fig. 3), suggesting that IGF-1R is 
essentially involved in IGF-I-mediated growth of RGC axons. 

Figure 3. IGF-1R is required for IGF-I-
mediated axonal growth. A,B, 
Epifluorescence photomicrographs of 
RGCs isolated from P0 mouse pups and 
cultured in the absence (A) and 
presence (B) of IGF-IR neutralizing 
antibody (Ab). Cells were fixed at 72 hr 
of incubation and labeled with the vital 
fluorescent dye calcein. C, Quantification 
of RGC axonal length. * indicates P<0.05 

as compared to the control group by student t test.  

We then asked whether overexpression of IGF-1R promotes RGC axonal growth. P0 mouse 
RGCs were isolated and transfected with a plasmid encoding a human IGF-1R. A plasmid 
encoding GFP was co-transfected with IGF-1R plasmid so that transfected cells could be 
visualized directly by their GFP expression. We showed that P0 RGCs transfected with a control 
GFP plasmid expressed a low level of IGF-1R, as expected; transfection of IGF-1R plasmid 
induced a high level of IGF-1R expression in postantal RGCs and increased neurite outgrowth as 
compared to cells expressing a control plasmid (Fig. 4). The data further support a role of IGF-I 
and IGF-1R-mediated signals in the regulation of RGC axonal growth.   

2. IGF-I promotes RGC survival and axonal regeneration after optic nerve injury 
To study the role of IGF-I in RGC survival and optic nerve regeneration in vivo, we performed 
optic nerve crush injury in adult C57BL/6J mice. IGF-I (25 ng) or phosphate buffered saline 
(PBS) (as controls) was administrated in adult mice through intracameral injection immediately 
and at 3 and 6 days post-optic nerve crush. On day 11, mice were received intravitreal injection 
of anterograde tracer, chlorea toxin subunit B (CTB) to label RGCs, which would pick up CTB 
and transport along the axons. Regenerating axons thus could be revealed by immunolabel the 
CTB signal in optic nerve sections.  

  

Figure 4. Expression of IGF-1R promotes axonal growth of postnatal RGCs. A-C, 
Photomicrographs of RGC morphologies that were transfected with a control GFP (A) or IGF-1R (B,C) 
plasmid and cultured in the absence (A,B) or presence (C) of IGF-1 (50 ng/ml). Cells were fixed at 72 
hr of incubation and labeled with the vital fluorescent dye calcein. D, Quantification of RGC axonal 
length. * indicates P < 0.05 as compared to controls. 
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After 3-day survival to allow CTB transportation, the mice were sacrificed. Quantification of 
RGC survival was carried out in retinal whole-mounts that were immunolabeled with mouse 
anti-Tuj-1 antibody recognizing a specific RGC marker, followed by incubation with Cy3 
conjugated secondary antibody. RGCs were counted, and the number of surviving RGCs was 
compared between the PBS and IGF-I-treated groups (Fig. 5A). We showed that treatment of 
IGF-I significantly enhanced the survival of RGCs following optic nerve crush injury as 
compared to the control-treated group (Fig. 5A). 
Next, we quantified RGC axon regeneration in optic nerve sections. The mouse optic nerves 
were collected and sectioned at 10 µm thickness before immunolabeled with primary antibody 
for CTB. The regenerating axons were visualized by further incubation of the optic nerve 
sections with biotinylated mouse anti-goat IgG and then streptavidin Alex Fluor 546 conjugated 
IgG. CTB+ axons extended beyond the injury site were counted at every 250 µm intervals. Our 
data indicated that administration o of IGF-I significantly increased the number of regeneration 
axons at all places counted as compared to the control-treat group (Fig. 5B). Together, our data 
support that IGF-I promotes both the survival and axonal regeneration of RGCs following injury 
and may be used for treating traumatic optic nerve injury. 

  
Figure 5. Effect of IGF-I on RGC survival and axon regeneration in vivo. A, Quantification of RGC 
survival in retinal whole-mounts of mice received intracameral injections of either control (PBS) or IGF-
I. Administration of IGF-I (25 ng) significantly enhanced RGC survival as compared to the control 
animals (2,304 ± 159 vs 3,077 ± 70; n=4/group; P<0.01 by two-tailed student t test). B, Administration 
of IGF-I (25 ng) significantly enhanced the number regenerating axons as compared to PBS-injected 
control mice after optic nerve crush injury (* represents P<0.05; ** represents P<0.01 by ANOVA). 

 
KEY RESEARCH ACCOMPLISHMENTS:   

• IGF-I and IGF-1R are critically involved in the regulation of retinal ganglion cell survival 
and axonal growth in vitro. 

• IGF-I promotes retinal ganglion cell survival and optic nerve regeneration in adult mice 
and thus may be used as a potential therapy for traumatic optic nerve injury. 

 
REPORTABLE OUTCOMES:   

- Guo C, Cho K-S, Tchedre K, Chen H, Malik H, Chen DF. (2012) IGF-I binding 
protein like protein 1 (IGFBPL-1) promotes axon outgrowth in retinal ganglion cells 
through the regulation of IGF-I signaling pathway. ARVO Abstract.   
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- Chen, DF & Guo, C. (2012) Composition for controlling axonal outgrowth. US 
provisional application 61/447.314 

 
CONCLUSION:  CNS axons of adult mammals are incapable of regeneration. As a result, optic 
nerve or brain injury can lead to permanent loss of vision or cognitive functions. Unfortunately, 
there are currently no medical treatments that can promote CNS nerve regeneration in situ. 
Therefore, developing a method to stimulate the regrowth and repair of the optic nerve and CNS 
axons would be highly desirable for functional improvement and restoration after CNS injury. 
Defining IGF-I and its mediated signals in support of optic nerve regeneration opens up a new 
avenue for the development of therapeutics to treat brain and optic nerve damage as a result of 
TBI or other neurodegenerative conditions. Future elucidation of how IGF-I-mediated signals are 
regulated, for example, by IGF-I-binding proteins during nerve injury, would provide further 
insights into the mechanisms controlling axonal regrowth and aid our development of more 
effective therapy.  
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TASK 10: Realistic Detection Test for Traumatic Brain Injury Vision Losses (Alex Bowers, 
Ph.D.) 
 
BODY:  
We will develop and implement a simple, but realistic test of detection using driving video 
backgrounds to be applied for the evaluation of traumatic brain injury (TBI) vision losses and 
rehabilitation interventions 
 
Realistic detection test development  
In this 12-month period we have explored two approaches to the development of the realistic 
detection test, developed a prototype test using the second approach and conducted preliminary 
evaluations.  
 
In the first approach we used Poser 9 software to create realistic animated human figures and 
insert them into videos of real-world driving scenes selected from commercially available UK 
driving hazard detection test videos. We were able to create and program figures to walk along a 
selected path across a road at a natural speed (relative to real pedestrians on the same crosswalk) 
and with the correct increase in size on approach (Figure 1).  
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 Figure	  1:	  Virtual	  animated	  figure	  of	  a	  
woman	  inserted	  in	  a	  driving	  video	  clip.	  
The	  figure	  walks	  along	  a	  selected	  path	  
across	  a	  crosswalk	  mimicking	  the	  speed	  
and	  behavior	  of	  a	  real	  pedestrian	  (on	  the	  
same	  crosswalk	  in	  front	  of	  the	  virtual	  
figure)	  and	  with	  the	  correct	  increase	  in	  
size	  on	  approach.	  

	  
While the first method enabled the use of real driving videos, with the natural richness and 
complexity of real-world scenes, it was very time consuming. We therefore explored a second 
approach in which we used our driving simulator-scripting environment to create driving 
scenarios with pedestrians that walked or ran toward the road in a variety of situations (Figure 
2). A researcher, experienced in driving in the simulator, then drove each scenario while video 
was recorded directly from the central screen of the simulator. The videos recorded from the 
simulator were then cut and spliced to create 5 video sequences, each about 3 minutes in 
duration. Each video sequence included 12 clips with pedestrian appearance events and 5-9 clips 
without pedestrian events. In each sequence there were an equal number of pedestrian 
appearances on the right and left of the road. Three of the sequences were based on driving in 
city environments and two driving on a rural highway.  
	  
 

Figure	  2:	  Example	  of	  a	  walking	  
pedestrian	  from	  a	  video	  sequence	  created	  
using	  our	  driving	  simulator	  environment	  
(central	  screen	  of	  driving	  simulator	  only)	  

	  
Software was developed to record participant responses (a button press to indicate that a 
pedestrian was seen) and to determine detection rates and responses times from the button 
presses (response time was the period between the pedestrian appearing and a button press). 
 
Preliminary evaluation of test for patients with homonymous field loss 
As we did not receive notification of approval from the military IRB until the 7th June 2012, 
human subjects testing started later than anticipated. Therefore, only limited testing with patients 
has been conducted thus far. Six participants (age range 46 to 83 years) with homonymous field 
loss (3 with hemianopia and 3 with quadranopia) each viewed 5 video sequences displayed on a 
large rear projection screen (total 30 pedestrian events on the right and left). The viewing 
distance was selected such that the total angular subtense of the video was similar to that of the 
central screen of the driving simulator. Participants viewed binocularly and were allowed to use 
free eye movements during the test. 
 
Preliminary data analyses indicate that the test is sensitive to homonymous visual field loss: 
detection rates were significantly lower on the blind (non-seeing) side than the seeing side 
(medians 70% and 100%, respectively, p = 0.028; Figure 3a) and response times were 
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significantly longer (medians 1.6s and 0.71s, respectively; p = 0.028; Figure 3b). Furthermore, 
on the blind side, the test was also sensitive to differences in detection performance between 
pedestrians that initially appeared at large eccentricities (far away from the road) and small 
eccentricities (close to the road). Specifically, blind side detection rates were significantly lower 
for pedestrians at large than small eccentricities (medians 50% and 93%, respectively, p = 0.028; 
Figure 4a) and response times were longer (medians 2.7s and 1.4s, respectively; p = 0.068; 
Figure 4b).   
	  

 
Figure 3. Detection performance for blind and seeing sides for data pooled across small 
and large eccentricities: (a) Median detection rates; and (b) Median reaction times. 
Detection rates were significantly lower (p = 0.028) and reaction times were significantly 
longer (p = 0.028) on the blind side than the seeing side.  
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Figure 4. Detection performance for pedestrians at small and large eccentricities on the 
blind and seeing sides: (a) Median detection rates; and (b) Median reaction times.  On the 
blind side, detection rates were significantly lower (p = 0.028) and reaction times were 
longer (p = 0.068) for pedestrians appearing at large than small eccentricities. The reaction 
boxplot for the large eccentricity on the blind side includes data from only four participants 
as two participants detected so few pedestrians at this eccentricity that reaction times could 
not be computed (required a minimum of 3 detections). 
 
KEY RESEARCH ACCOMPLISHMENTS:   
• A	  prototype	  video	  detection	  test	  and	  data	  analysis	  software	  have	  been	  developed 
• Preliminary	   evaluations	   with	   patients	   with	   homonymous	   visual	   field	   loss	   have	   been	  

completed 
 
REPORTABLE OUTCOMES:   
An abstract reporting preliminary data was submitted for the 5th Military Vision Symposium on 
Ocular and Vision Injury.  The data from this project will be used to support a future grant 
application to continue development of the test and implement it as an outcome measure in a 
clinical trial of rehabilitation interventions for patients with homonymous visual field loss due to 
traumatic brain injury and stroke. 
 
CONCLUSION:   
We have successfully developed a simple, video-based detection test for traumatic brain injury 
vision losses. Preliminary results from 6 patients indicate that the test is sensitive to the type of 
visual field loss caused by traumatic brain injuries and that further testing with a larger sample is 
warranted. 
 
 
 
TASK 11:  Simultaneous Assessment of Structure, Behavior and Electrophysiology (Peter 
Bex, Ph.D.) 
 
BODY:  
People with exudidative and geographic age-related macular degeneration (AMD) frequently 
report that they experience visual distortions around their scotomas 1 2 3 4 , a phenomenon known 
as metamorphopsia. Such distortions are usually most noticeable while viewing straight lines 
that appear “wavy”. The distortions are thought to be caused by displacements of the retinal 
photoreceptor layers and may be focal (i.e. small and generally centered on the fovea, due to 
central serous chorioretinopathy, best disease, macular holes, cystoid macular edema, central 
retina vein occlusion) or diffuse (over a large retinal area due to subretinal haemorrhaging, 
choroidal neovascularization, gepgraphic atrophy, drusen or epiretinal membranes). 
 
To measure metamorphopsia, current best practice is to use Amsler charts 5 or their modern 
variants 6 7 8, which are viewed monocularly, while the patient answers structured questions 
about their distortions. For progressive diseases, patients are often asked to self-monitor 
distortions and to seek attention when any change is noted. This technique has poor sensitivity - 
fewer than 60% of people with AMD can discern their scotoma this way 9 10 – and does not 
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quantify the location or the severity of metamorphopsia. M-Charts 11 utilize a series of horizontal 
and vertical rows of dots with different spacings. The minimum dot-spacing that does not lead to 
distortion, quantifies the scale but neither the magnitude nor location of distortions. PHP 
(preferential hyperacuity perimetry) 12 is a visual field mapping procedure where patients 
indicate the location of misaligned series of dots. PHP provides a map of distortions and its 
parameters correlate with OCT metrics in patients undergoing Lucentis therapy. Interocular size 
matching has been used to monitor macular holes 13, but actually quantifies dysmetropsia 14 14 
(interocular size difference). None of these methods measure fixation and so the location of 
distortions is not monitored. Binocular correspondence perimetry 15 maps distortion by 
measuring the deviation in position of points presented simultaneously to the two eyes. This 
technique relies on the presence of an unaffected eye to provide a reference. 
 
METHODS: 
We developed two new methods to quantify and localize metamorphopsia. The first method is 
hyperacuity-based and is suitable for binocular or monocular metamorphopsia and involves the 
construction of a figure that is perceptually regular, but may be physically irregular. The second 
method is suitable only for monocular metamorphopsia and involves inter-ocular alignment of 
the points of a regular grid viewed dichoptically.  
 

 

Figure 1 Quantification of Metamorphopsia 
with Hyperacuity. a) While fixating the central 
dot, the observer moves the white circles to 
construct a square. One corner (green) is 
anchored each trial in random order. b) The 
center of each side is marked with bisection 
and vernier alignment. c) example data from 
52 year old patient with central serous 
retinopathy  

 
Hyperacuity-based Metamorphopsia Assessment Subjects construct a square target by first 
assembling the four corners (line bisection hyperacuity), then by bisecting the mid point of each 
side of the square (vernier hyperacuity), as illustrated in Figure 1a,b. The tasks is repeated 4 
times, with the 1st anchored dot positioned in each corner at random between repetitions. The 
mean and standard deviation of the 8 points defined over 4 repetitions at each of 2 eccentricities 
provide estimates of accuracy and precision. A remote eye tracker is used to ensure compliant 
fixation on a central point: the alignment dots are removed from the display if the observer 
fixates >1° away from the fixation point. 
 
Dichoptic Pointing-based Metamorphopsia Assessment We developed a variant of binocular 
correspondence perimetry that minimize factors that would lead to underestimation of distortion: 
a) eye tracking ensures compliant fixation, b) nVidia shutter glasses instead of anaglyphs 
minimize rivalry and improve the cyclopean percept and c) background 1/F fractal naturalistic 
noise prevents cross-talk. 16 dots on a 4*4 grid subtending 8°*8° are presented only to the 
dominant eye (assessed with the Porta test 16) in random order. A mouse-controlled cross-hair is 
presented only to the non-dominant eye (typically the more impaired eye) - the movement of the 
cross hairs and attention to them helps overcome dominance and rivalry. The observer's task is to 
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maintain central fixation (with enforced compliance) and to center the target dot within the cross 
hairs.  
 
RESULTS: 
Figure 2a shows a typical construction of a square based on hyperacuity method and Figure 2b 
shows the results of the inter-ocular pointing task by a 52 year old patient with central serous 
retinopathy Figures 2c and 2d show the appearance of an Amsler grid to this observer. There is 
close correspondence between the outcomes of these tests. Note that the square construction and 
dichoptic pointing data should be mirror images because the constructed square appears regular 
to the observer and therefore must be physically distorted in the opposite direction to invert the 
patient's metamorphopsia.	  

	  

Figure 2. Metamorphopsia in a 52-year-old patient with central serous retinopathy. a) Results of Hyperacuity 
Assessment b) dichoptic pointing and tracing on a c) fine or d) coarse Amsler grid  

Figure 3a) Fundus image and b) foveal cross section for an observer with central serous 
retinopathy (c,d) The central lesion location (shown as the lower heat-map in each panel) 
closely corresponds to areas of distortion identified with c) hyperacuity and d) dichpotic 
pointing method (shown as the upper land)  

Figure 3 shows (a) a fundus image and (b) an OCT image for the same observer. The base of 
Figures 3c and 3d show the retinal thickness, which is abnormally high (red regions) in central 
vision for this observer, compared to age-matched norms. The elevated surfaces show the 
estimated level of local distortion for the (c) the hyperacuity and (d) dichoptic pointing tasks 
Figure 4 shows analogous data for 10 further patients. In each case, there is a close spatial 
correspondence between the location of visual distortions and the presence of pathology.  
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We are currently developing statistical methods to cross correlate the retinal thickness maps 
(bases of Figure 4) with the local distortion estimates derived behaviorally (elevated surfaces in 
Figure 4). These data will allow us to compute the relationship between structure and function 
with these methods. Further more, these data will allow us to estimate when structural pathology 
is not correlated with functional deficits and when functional deficits occur in the absence of 
observable pathology. These are important data because they estimate the reliability limits of 
each method.  
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Figure 4 Structural and Functional data for 10 AMD patients who experience metamorphopsia. The 
base of each figure shows the local retinal thickness from an OCT image relative to age-matched 
norms. The surface plot in each figure shows the (left) Horizontal and (right) Vertical local 
distortion measured with (upper) dichoptic or (lower) hyperacuity methods.  
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KEY RESEARCH ACCOMPLISHMENTS:  
• We developed a novel hyperacuity-based method that quantifies the location and 

magnitude of visual distortions in patients with binocular or monocular metamorphopsia.  
 

• We developed a novel dichoptic-based method that quantifies the location and magnitude 
of visual distortions in patients with monocular metamorphopsia.  

 
• We demonstrated close correspondence between the location and magnitude of distortion 

measured with each method. 
 

• We demonstrated close correspondence between the location of subjective 
metamorphopsia and objective pathological changes in retinal thickness.  

 
REPORTABLE OUTCOMES: 
The data and methods developed in this proposal form preliminary data for extra-mural research 
funding. 
 
CONCLUSION: 
Functional deficits are commonly experienced in areas around central vision loss in the form of 
visual distortions. Such metamorphopsia is therefore associated with areas of disease progression 
and may serve as an important biomarker. Metamorphopsia is currently monitored with Amsler 
charts which are inaccurate and imprecise. We developed two novel methods that quantify the 
location and magnitude of metamorphopsia. We showed that these simple techniques are closely 
related to pathological changes and may therefore be used to screen for the early signs of vision 
loss and disease progression. 
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TASK 12: Corneal epithelium regeneration via stem cell transplantation (Bruce Ksander, 
Ph.D.) 
 
INTRODUCTION:  Our overall hypothesis is that the corneal epithelium is derived from an 
ABCB5+ population of limbal basal epithelial cells that regenerates the corneal surface.  
ABCB5+ cells in the limbus function as adult stem cells and retain the ability to self-renew and 
differentiate. 
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TASK:  Determine the differentiation and regeneration potential of tissue-specific adult 
ABCB5+ stem cells for regenerating the corneal epithelium.  Aim 1-  The first objective was to 
test the regenerative potential of human ABCB5+ limbal stem cells.  Aim 2- The second 
objective was to test the regenerative potential of murine ABCB5+ limbal stem cells. 
Body-    

Aim 1:  Experiments were performed to test the regenerative potential of ABCB5 positive and 
negative limbal stem cells recovered from cadaveric human donor eyes.   
 
Xenotransplantation of human ABCB5+ limbal stem cells (LSC) restores the corneal 
epithelium in NSG mice with an induced LSC deficiency. We investigated the effect of 
transplanting human ABCB5+ LSC (limbal stem cells) on corneal regeneration in NSG mice 
with an induced LSC deficiency.  Our experiments used a proven xenotransplantation model 
(human donor cells / mouse recipient) where human ABCB5+ limbal cells are grafted onto 
immunodeficient NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice with an induced limbal stem cell 
deficiency.  NSG mice are a new immunodeficient mouse strain with enhanced ability to accept 
human transplants. 
Isolation and purification of ABCB5+ and ABCB5- cells-   Human limbal epithelial cells 
were obtained from two sources (i) discarded corneal rims following penetrating keratoplasty 
(Dr. Victor Perez, Bascom Palmer Eye Institute Cornea Service) and (ii) the Heartland Lions Eye 
Bank (Iowa).  The limbus was dissected and epithelial cells isolated as described previously.  
ABCB5+ or ABCB5- cells were purified by FACS sorting of anti-ABCB5/FITC-labeled samples 
using the murine anti-ABCB5 mAb 3C2-1D12 (available from AbD Serotec). Post-sort analysis 
was used to determine sorting purity and cell viability, as previously described for ABCB5-based 
sorting in other tissues. 
Induction of limbal stem cell deficiency in immunodeficient NSG mice- We used a procedure 
described previously by Winston Kao. Dr. Evi Kolovou (Ksander laboratory) visited Dr. 
Winston Kao's laboratory where she learned these procedures.  Briefly, the entire limbal and 
corneal epithelium was removed using an Algerbrush II corneal rust ring remover with a 0.5 mm 
burr. As a control, to demonstrate that we create consistently a limbal stem cell deficiency, mice 
were either (i) untreated, or (ii) receive a transplant of an empty fibrin carrier. These mice 
developed conjunctivalization of the corneal surface.  
Transplantation of donor cells- Donor cells were transplanted in a fibrin and thrombin carrier 
using the method described by Winston Kao.  Cells were added to the fibrin carrier at the defined 
cell density and transplanted onto the corneal stroma of recipient mice. The fibrin transplants 
were anchored to the conjunctiva with four sutures and the mouse eye closed by a tarsorrhaphy. 
The recipient eye remained closed until the sutures dissolved approximately one week later. 
Four treatment groups were tested: (1) fibrin carrier without cells; (2) fibrin carrier seeded with 
200 unsegregated limbal cells; (3) fibrin carrier seeded 200 ABCB5- limbal cells, and (4) fibrin 
carrier seeded with 200 ABCB5+ LSCs (Figure 1A).  At four weeks post transplantation, grafts 
containing either no cells, or ABCB5- cells displayed:  (i) reduced corneal clarity and increased 
neovascularization, (ii) a lack of stratified epithelium, and (iii) evidence of goblet cells and no 
K12+ epithelial cells.  Grafts containing unsegregated cells displayed some evidence of 
restoration (clearer cornea with less neovascularization), but there was no evidence of a stratified  
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K12+ epithelial layer.  By contrast, only grafts containing purified ABCB5+ cells displayed 
evidence of a stratified epithelial layer containing K12+ cells.  While corneal restoration was not 
complete, we predict that more robust regeneration will occur if transplants contain increased 
numbers of ABCB5+ cells and/or are allowed to develop more than 5 weeks. 
To further support the finding that human donor cells improved corneal wound healing, corneal 
epithelial cells were isolated from chimeric recipients and examined by RT-PCR for the presence 
of human-specific β2 microglobulin (β2M) transcripts, an identifier of all cells of human origin.  
The corneal epithelium of recipients grafted with human ABCB5+ cells, or unsegregated cells 
contained human-specific β2M transcripts and, as expected, control grafts lacking cells displayed 
no human transcripts (Figure 1B). No human-specific β2M transcripts were detected in recipient 
eyes that received grafts only containing ABCB5- human limbal epithelial cells, demonstrating 
preferential engraftment of human ABCB5+ LSCAim 2:  Experiments were performed to test 
the regenerative potential of murine ABCB5 positive and negative limbal stem cells.   
 
Murine syngeneic ABCB5+ LSCs restore corneal epithelium in C57BL/6J mice with an 
induced LSC deficiency.  To determine the role of ABCB5 as a candidate marker for 
prospective LSC isolation and enrichment, we examined the in vivo cornea regenerative potential 
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of transplanted syngeneic murine ABCB5+ or ABCB5- limbal cells in C57BL/6J mice with an 
induced limbal stem cell deficiency.  Four treatment groups were tested: (1) fibrin carrier without 
cells; (2) fibrin carrier seeded with 200 unsegregated limbal cells; (3) fibrin carrier seeded with 
200 ABCB5- limbal cells, and (4) fibrin carrier seeded with 200 ABCB5+ LSCs (Figure 2).  At 
five weeks post transplantation, grafts containing either no cells, or ABCB5- cells displayed: (i) 
opaque corneas, (ii) conjunctivalization with infiltrating goblet cells, and (iii) the absence of 
K12+ epithelial cells.  While grafts containing unsegregated cells displayed some evidence of 
restoration (a clear cornea with a more normal histology), they still contained goblet cells and no 
detectable K12+ cells.  By contrast, only transplants containing ABCB5+ cells displayed clear 
corneas with: (i) normal histology, (iii) the absence of goblet cells, and (iv) presence of K12+ 
corneal epithelial cells.  
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KEY RESEARCH ACCOMPLISHMENTS: 

• ABCB5 positive cells recovered from the limbal epithelium of human cadaveric donors 
were capable of restoring the corneal epithelium when transplanted onto the ocular 
surface of immunosuppressed mice (NSG mice) with an induced limbal stem cell 
deficiency. 

• Human ABCB5 negative limbal cells were unable to restore the corneal epithelium. 

• ABCB5 positive cells recovered from the limbal epithelium of C57BL/6J mice were 
capable of restoring the corneal epithelium when transplanted onto the ocular surface of 
syngeneic mice with an induced limbal stem cell deficiency.  ABCB5 negative limbal 
cells were unable to restore the corneal epithelium.  

 

REPORTABLE OUTCOMES:  (i) a manuscript describing our data is in the final stages of 
preparation and will be submitted this month, (ii) an NIH grant was submitted to support funding 
of future experiments (will be reviewed October 23, 2012. 

CONCLUSIONS: Together, these studies (both mouse and human) strongly support our 
hypothesis that transplantation of human ABCB5+ limbal stem cells, but not ABCB5- limbal 
cells possess the capacity to restore the corneal epithelium.  Moreover, they provide initial proof-
of-principle for the specific therapeutic utility of this novel limbal stem cell population for 
treatment of limbal stem cell deficiency in human patients. 
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